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Numerically computed engine performance of a nominally two-dimensional radical
farming scramjet with porous (permeable C/C ceramic) and porthole fuel injection is
presented. Inflow conditions with Mach number, stagnation pressure, and enthalpy
of 6.44, 40.2MPa, and 4.31MJ/kg respectively, and fuel/air equivalence ratio of 0.44
were maintained, along with engine geometry. Hydrogen fuel was injected at an axial
location of 92.33mm downstream of the leading edge for each investigated injection
method. Results from this study show that porous fuel injection results in enhanced
mixing and combustion compared to porthole fuel injection. This is particularly evident
within the first half of the combustion chamber where porous fuel injection resulted
in mixing and combustion efficiencies of 76% and 63% respectively. At the same loca-
tion, porthole fuel injection resulted in efficiencies respectively of 58% and 46%. Key
mechanisms contributing to the observed improved performance were the formation of
an attached oblique fuel injection shock and associated stronger shock-expansion train
ingested by the engine, enhanced spreading of the fuel in all directions and a more
rapidly growing mixing layer.
1 Lecturer, Queensland University of Technology, 2 George St GPO Box 2434 Brisbane QLD 4001, Australia, AIAA
Member
2 Chair of Space Engineering, University of New South Wales Canberra, AIAA Associate Fellow.
3 Research Scientist, Space Systems Integration, Institute of Structures and Design
4 Head of Space Systems Integration, Institute of Structures and Design
1
2
Nomenclature
CP = coefficient of pressure, p−p∞0.5ρ∞U2∞
C = inertia source term tensor added to momentum equations
D = viscous source term tensor added to momentum equations
h = enthalpy, MJ/kg
KD = Darcy coefficient tensor, m2
KF = Forchheimer coefficient tensor, m
M = Mach number
P = pressure, kPa unless otherwise stated
q = dynamic pressure, 12ρV
2, kPa
T = temperature, K
V = Velocity vector, m/s
u = x-velocity component (axial), m/s
v = y-velocity component (vertical), m/s
w = z-velocity component (spanwise), m/s
ρ = density, kg/m3
m˙ = mass flow rate, g/s
α = mass fraction
η = efficiency
µ = viscosity, Pa.s
φ = diameter, mm
Φ = equivalence ratio
(
8m˙H2
m˙O2
)
τID = ignition delay, µs
τR = reaction delay, µs
τxx, τyy, τzz = normal shear stress, Pa
τxy, τxz, τyx, τyz, τzx, τzy = shear stress, Pa
HP = Hot Pocket
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Subscripts
reac = reactant (fuel) mass fraction
s = stagnation
stoic = stoichiometric
0 = total
m = mixing
comb = combustion
∞ = freestream
I. Introduction
Recent successful high Mach number scramjet flight tests, such as HyShot II flown at Mach 7.6
[4] and the two NASA X-43 vehicles, flown at Mach 7 [10] and 10 [9], demonstrate the continued
international interest in developing a viable high Mach number scramjet powered transportation
system. In the ongoing effort to achieve faster air breathing propulsion systems, aerospace engineers
continue to face the challenge of extending current scramjet technology so that appreciable, sustained
combustion and net thrust is achieved at higher Mach numbers (M8-12). At these flight speeds, flow
speed through the engine is in excess of 2,000m/s, and the vehicle is at higher altitudes (30-40 km)
where the air becomes less dense. Such flow speeds and high altitude conditions make the igniting
and combusting of fuel in scramjet engines a challenging and significant problem to overcome. One
identified option for achieving this is to improve the efficiency and effectiveness of the fuel injection
process in an inlet injection radical farming scramjet.
Inlet fuelled, radical farming scramjets are a scramjet class extensively studied within the Aus-
tralian hypersonic community [20, 23, 28, 38] and have been shown to offer a number of advantages
over other classes of scramjets including: milder compression ratios, enhanced fuel/mainstream air
mixing at combustor entry [11], reduced combustion chamber lengths (and hence skin friction drag)
[23], and reduced fuel ignition times [41]. First proposed by Gardner et al [11], the operating prin-
ciple of a radical farming scramjet relies on the formation and ingestion of the inlet shocks and
subsequent formation of shock wave-expansion fan structures within the engine as shown in Figure
4
1.
Fig. 1 Schematic of radical farming process (adapted from [29])
Generated from the formation, interaction and reflection of the shocks from the engine intake
being purposefully ingested by the engine, this shock-expansion wave structure creates localised
regions of high pressure and temperature along the walls and centreline of the combustion chamber,
identified in Figure 1 by the shaded regions. It is within these regions, termed ‘hot pockets’ (HP),
that the characteristic ignition-combustion process of radical farming scramjets occurs: radical
(OH,O and H) production (typically 1st HP), radical build-up (typically 2nd HP), and ultimately,
fuel ignition (2nd or 3rd HP) [23]. The term ‘radical farm’ is given to those hot pockets, typically the
first and second, where the radicals required for ignition are generated but not consumed through
the ignition-combustion process.
A key advantage of radical farming scramjets is that, as the ignition-combustion process initiates
within the hot pockets, only these areas need to be at auto-ignition conditions of fuel and air. The
remainder of the flow can be, and typically is, well below these limits allowing for the use of an overall
milder compression intake and hence more efficient, in terms of total pressure loss, engine. Further,
McGuire et al [23] showed that in addition to the creation of hot pockets suitable for initiation of
radical producing reactions, flow structure/chemistry coupling causes heat release reactions to start,
thus further increasing the local temperature within the radical farm. This mechanism leads to a
shortening of the time required for the shock-induced combustion to occur compared to non-radical
farming scramjets of the same configuration.
A key requirement for the efficient use of a radical farming scramjet is that the fuel and air is
adequately mixed, to within combustible limits, at or near, the entrance to the combustion chamber,
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particularly within radical farms. Ideally, the combustion chamber in these engines therefore, is
used solely for the purpose of combusting fuel and not fuel-air mixing. This allows for an overall
reduction in engine length and consequently skin friction drag compared to non-radical farming
engines. To achieve good fuel-air mixing prior to the combustion chamber entry, radical farming
scramjets employ intake fuel injection (Figure 1). Typically, radical farming scramjets use a series of
small portholes (typically with φ = 2mm) located on the first or second intake ramp through which
fuel is injected sonically. Known as transverse fuel injection, the addition of fuel via this process
produces shock and viscous interactions that act to both enhance fuel-air mixing and introduce
engine inefficiencies. Flow structures of such injection methods have been extensively studied [14,
37, 39, 43] and are shown schematically in Figure 2. As fuel is injected into a hypersonic cross flow
the obstruction to the freestream flow caused by the under-expanded fuel-jet causes a Mach disk,
barrel shock and detached bow shock to be formed [37, 43]. In addition, the boundary layer both
up- and down-stream of the injector separates, causing re-circulation zones of high temperature
and pressure to be generated that act as radical producing, and potentially flame holding, regions
[3, 39]. Fuel-air mixing is achieved on a macro-scale through the generation of a turbulent shear
layer between the (comparatively) low-speed injectant and high speed mainstream airflow processed
by the bow shock, and the formation of a pair of counter-rotating vortices that act to entrain the
air into the fuel stream. Drawbacks of discrete porthole inlet injection include: total pressure losses
associated with the detached bow shocks and therefore reduced engine performance: the potential
for the bow shocks to displace the inflow to levels that cause engine choking with high fuelling rates,
potential for premature burning of the fuel within the separated regions on the intake, and the
discrete nature of fuel injection somewhat limiting fuel penetration within the engine, particularly
in the near flowfield post injection and in the plane perpendicular to injection.
Using hydrogen fuel injected through 2mm and 3mm porthole injectors on a 9.25◦ intake
ramp, Gardner et al [11] demonstrated, through shadowgraph images, that good fuel penetration
was achieved when employed in inlet injection, demonstrating that fuel went beyond the boundary
layer and well into the freestream. Importantly, no discernible evidence of pre-combustion of fuel
on the cold wall (300K) intake was reported. Kovachevich [17] extended this to more realistic
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(a) (b)
Fig. 2 Flow features of transverse fuel injection (a) 2D from Gruber et at [14] and (b) 3D
representation [3]
flight conditions by injecting fuel from a hot (500K) wall, again demonstrating that no significant
pre-combustion of fuel on the inlet occurred.
A recent experimental campaign by Schloegel and Boyce in the T4 shock tunnel investigated
the use of a novel fuel injection system that utilised a purpose built porous injector made from
ceramic carbon/carbon (C/C) material having an open porosity of ≈ 16% and featuring a random
microstructure [44]. This injector was 44.4mm wide and 28mm long in the flow direction and thus,
had an injection surface area 70 times that of porthole injection. Schloegel and Boyce showed that
this fuel injection method resulted in two key improvements over the more traditional porthole
injection: a more favourable injection shock structure, and higher overall combustion pressure rise.
The pressure results are summarised in Figure 3.
Schloegel and Boyce found that an oblique, rather than bow shock, was formed as the fuel (H2)
was injected into the hypersonic cross flow. Test conditions were Mach 6 with freestream pressure
and temperature of 9 kPa and 446K respectively. Formation of an oblique fuel injection shock has
the potential to enhance engine performance in three distinct ways. First, it is likely to produce
more uniform flow within the engine. Second, it could lead to the removal of the separated flow
regions associated with porthole injection, and finally, it may create, through shock-interactions, a
flow more conducive to autoignition and combustion of fuel for a set intake geometry. Preliminary
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Fig. 3 Centreline pressure levels for porthole and porous injection from pilot study at The
University of Queensland in 2010. Engine components and injection location shown for de-
scriptive purposes only.
results of Schloegel and Boyce indicate no separated region downstream of the injector, however,
due to a lack of high resolution schlieren just upstream of the injector it can not confidently be
concluded that no such region existed. The other two potential benefits of porous injection where
not addressed by Schloegel and Boyce.
Reported increase in combustion pressure rise associated with porous fuel injection is shown in
Figure 3. This figure shows experimentally measured pressure, plotted as Cp, for reacting (Air) and
non-reacting (N2) porous and port-hole fuel injection. Both fuel injection methods are seen to result
in combustion, as evidenced by the observed pressure rise for the fuel into Air shots, compared with
the equivalent non-reacting cases. Porous injection, however, was found by Schloegel and Boyce to
produce a significantly higher combustion induced pressure rise within the combustor for the same
fuelling level and test condition. It was concluded, therefore, that porous fuel injection resulted
in increased engine performance with respect to measured combustion heat release. This result,
however, may be somewhat misleading. The geometry of the two injection studies by Schloegel and
Boyce was such that the centre of the axial distance of the porous injector aligned with the start of
the port hole injector, therefore, the porous injection, in the case shown in Figure 3 had an additional
12.43mm in the axial direction over which the injected fuel could mix with the air. It is unclear,
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therefore, if this increase in pressure rise is associated with injector placement, and the increased
mixing length available, or fundamental changes to the mixing and combustion characteristics when
porous fuel injection is employed.
Findings from the pilot study intimate that porous media has the potential to be a more
efficient fuel delivery system resulting in increased combustion levels for an otherwise identical
engine using porthole fuel injection. However, the preliminary results clearly highlight a need for
increased understanding of the fundamental flow physics associated with porous fuel injection in
radical farming scramjets. This study aims to address this through a numerical investigation focused
on the mixing, fuel penetration, and combustion efficiency achieved with both porous and porthole
fuel injectors. The same engine geometry as that tested experimentally by Schloegel and Boyce at
the experimentally tested freestream conditions has been examined in this study. To minimise the
potential of any fuel-air mixing advantage associated with porous injection from the pilot study,
the location of the start of the porous injector has been shifted such that both examined injection
methods started at the same axial location. A description of the computational model and numerical
tools is first given followed by the numerical approach used to model fuel flow through the porous
injector. Results, presented as a comparison of key flow features and performance characteristics
between porous and porthole fuel injection method, are then presented.
II. Computational Models and Numerical Modelling
A. Computational Models
Three-dimensional computational models used for each fuel injection method are shown in Fig-
ure 4, along with mesh details associated with the fuel injection region. Engine geometry and size
of each model were identical and was chosen to numerically replicate an experimental model previ-
ously tested in the University of Queensland’s T4 shock tunnel [20, 38]. Nominally two-dimensional,
the engine measured 755.5mm long and consisted of: two inlet ramps with a combined horizontal
length of 179.9mm (139.9mm first ramp, 45mm second ramp) and turning angle of 12◦ (9◦ and 3◦
respectively): a 380.0mm long and 20.0mm high combustion chamber, and a 9◦ 195.6mm long (hor-
izontal) thrust nozzle [38]. The engine intake was 61.4mm high and had a spanwise width of 75mm.
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The symmetrical nature of the engine was exploited for this study such that only a quarter of the
model was numerically analysed. Fuel injection in both models was at an axial location of 92.33mm
downstream from the intake and was positioned on the first ramp. For porthole fuel injection, fuel
was injected 45◦ to the local surface, while for porous injection fuel was injected perpendicular to
the surface. This mimicked the injection methods experimentally tested. An isothermal boundary
condition was applied to all walls, with the temperature set to 300K.
(a)
(b) (c)
Fig. 4 (a) Schematic of 3D computational domain of the studied radical farming scramjet
engine and (b) cell clustering through porous injectors and (c) cell clustering used for porthole
cases
Computational models shown in Figure 4 were fully structured with a total of 8,674,246 and
10,088,410 cells, for the porous and porthole models respectively. All boundary layers were resolved
through appropriate cell clustering starting with a cell height of 1µm along all walls including:
porthole, porous, plenum, bottom and side. In addition to these, cells were also clustered, with the
same cell height, towards the flow entrance and exit of the porous sample as shown in Figure 4(b).
Such clustering was found to be necessary in order to correctly capture the velocity profile of the
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fluid through the porous injector as shown in Figure 9.
Grid size through the injector was found to affect the velocity profile through the sample, with
coarser grids leading to gross errors in velocity. This was determined by comparing the velocity
profile from the CFD simulations to the 1D profile analytically calculated from Equation 1. The
analytical solution was calculated every 0.06mm through the porous injector and included the effect
of changes in injector area, pressure, temperature, density and viscosity. Velocity profile through
the injector for the 1D analysis and final CFD grid are shown in the Figure 9. Results in this figure
clearly show that both the shape and final exit velocity have been captured correctly, however, the
analytical solution reaches the final velocity 0.06mm sooner. From this point onwards, the analytical
solution gives negative pressure values, and hence the calculation has been terminated at the last
positive pressure value. Agreement is considered to be excellent given the anisotropic properties of
the porous injector modelled in the CFD case and the 1D analysis, with simplified flow modelling
in the analytical model.
All computational fluid dynamic simulations presented in this paper were performed using the
commercially available code CFD++ from Metacomp Technologies [8]. CFD++ can solve the steady
compressible Navier-Stokes equations, including multi-species and finite-rate chemical modelling. It
is therefore suitable for providing Reynolds-Average Navier-Stokes (RANS) solutions to equilibrium
viscous hypersonic flow involving: fuel injection [34], combustion [6], full flow path modelling [5]
and 3D separation within scramjet engines [7]. CFD++ can handle structured, unstructured and
hybrid grids and offers a variety of turbulence models.
Pudsey et al [35] reports on the influence that the choice of turbulent model, turbulent Schmidt
number (mass transport) and turbulent inflow intensity has on fuel mixing and penetration char-
acteristics of jets in supersonic cross flows. Results show that prediction of separation, lateral fuel
spread and to a lesser extent fuel penetration are all dependent on choice of turbulence model. When
compared to previous numerical results, however, the Menter k-ω shear stress transport (SST) [25]
and one- equation Spalart-Almaras (SA) model [40] together with RANS simulations were found to
predict similar fuel concentrations to Large Eddy Simulation (LES) results. Turbulent Schmidt num-
ber variations within one turbulence model were found to significantly influence mixing, maximum
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fuel concentration and to a lesser extent lateral spreading rate and penetration. Further, significant
variations in maximum fuel concentration for a set Schmidt number (0.7) across the different tur-
bulence models was reported, although overall good agreement in mixing efficiency was established.
These results highlight the variability in modelling turbulent mass diffusion and the importance of
holding turbulent parameters constant when performing comparative numerical studies. Without
direct experimental results in which to compare, only a best estimate of the appropriate turbulence
model and Schmidt number can be made. With ability to capture separated regions, agreement of
fuel concentration with LES models, insensitivity to freestream turbulence intensity and adequate
prediction of mixing efficiency the SST model was selected for all simulations. It is important to
note, however, that any error or limitations introduced in the selection of turbulence model and the
modelled turbulent Schmidt number is the same for both cases (porous versus porthole) and thus,
for a comparative study is considered adequate.
A recent study by Peterson et al [32] reported on the performance of RANS modelling through
comparison with a Detached Eddy Simulation (DES), using a hybrid RANS/LES model. This study
used US3D [27] to numerically simulated a previously experimentally tested axisymmetric scram-
jet with porthole injection [5] operating at Mach 8 flight enthalpy and 48 kPa dynamic pressure.
Results showed that RANS modeling was capable of predicting nearly identical wall pressure with
the RANS/LES simulation and resulted in qualitatively similar distributions of hydrogen mixing,
including the formation of the counter rotating vortex pair associated with porthole injection. Quan-
titatively, the RANS model was found to result in larger maximum mean hydrogen mole fractions
and smaller mixing efficiencies in regions near to the injector with increased improvement down-
stream of injection. Solutions from the RANS model can therefore be considered conservative in
terms of fuel mixing and are considered appropriate for this comparative study.
For this study, the RANS-type SST model with Metacomp’s compressibility correction with a
2% turbulence intensity, 1mm turbulent length scale and a turbulent Schmidt number of 0.7 was
used for all calculations. The Sutherland law approximation is used to compute viscous effects,
while Wilke?s mixing rule is applied to determine global values of the transport properties of the
multi-species flow using the mixtures? constituent properties All computations were double precision
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and of second order accuracy. Combustion was simulated using the modified hydrogen-air chemistry
model developed by Jachimowski [16] that has 13 species and 33 reactions. This model was developed
for the US National AeroSpace Plane (NASP) Program and has been extensively used to model
combusting flows [20, 23].
B. Grid Independence Study
A grid independence study was performed with three grid densities for both the chemically
frozen and reacting cases for porous and porthole fuel injection. For porous injection, the coarsest
mesh had 2,523,534 cells, the medium mesh 8,674,246 cells, and the finest mesh had 29,748,556 cells.
These densities were achieved by increasing cell density in each direction by a factor of 1.5 between
each successive mesh size. For porthole injection, the coarse, medium and fine meshes had 3,094,508,
10,088,410 and 33,917,284 cells respectively. Near wall cell heights were maintained at 1µm for all
grid sizes and injection method. Key one-dimensional results from porous and porthole fuel injection
for each mesh size, evaluated from 2D spanwise slices of the 3D computational domain using the
flux-averaging method of Baurle and Gaffney [2] are shown in Figure 5 and Figure 6 respectively.
Mixing and combustion efficiency were evaluated using Equations 7 and 10 respectively.
The coarse grid cell density for both injection methods was found to be insufficient to produce
a grid independent solution for both the frozen and reacting simulations. This is clearly seen by
the significant changes in pressure, temperature, mixing and combustion efficiency in Figures 5 and
6. Results from the medium density mesh were found to agree well with the finest mesh density
examined for both injection methods. For each injection method with chemically frozen reactions,
one-dimensionalised pressure and temperature computed on the medium mesh were less than 0.8%
smaller than those computed on the fine mesh (at an axial distance of 0.3m). This agreement
between the pressure and temperature results for the medium and fine mesh was improved to <
0.4% for porous injection and <1% for porthole injection, when the fuel and air were allowed to
react.
Mixing and combustion efficiency was found to be most influenced by grid density, with the
coarse grid over-predicting the level of mixing and combustion throughout the combustion chamber
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(a) (b)
(c) (d)
Fig. 5 One-dimensionalised properties for three porous grid densities (a) static pressure, (b)
temperature, (c) mixing efficiency (frozen reactions) and (d) combustion efficiency (reacting).
for each injection method [Figures 5(c) and (d), and 6(c) and (d)]. At an axial location of x=0.3m
(just before combustion chamber exit) the ηm from the coarse mesh was >10% higher with porous
injection and almost 15% larger for porthole injection than both the medium and fine mesh density
solutions (for each injection method) which agree to within <0.5% of each other. Similar results
were seen for ηcomb with the coarse mesh over-predicting by 9.5% (porous) and 7.5% (porthole)
compared to the medium and fine meshes that agree to within ≤ 0.5% (fine mesh results lower) of
each other at x=0.3m. Agreement between key flow properties on the medium and fine mesh for each
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(a) (b)
(c) (d)
Fig. 6 One-dimensionalised properties for three porthole grid densities (a) static pressure, (b)
temperature, (c) mixing efficiency (frozen reactions) and (d) combustion efficiency (reacting).
injection method provide strong evidence that results from the medium mesh are reasonably grid
independent. Medium mesh results for both porous and porthole injection are therefore presented
in this paper.
C. Freestream Conditions
Freestream conditions used in this study, given in Table 1, replicate a known T4 shock tunnel
condition that produces approximately Mach 6.3 flow with flow velocity of between 2,720-2,850 m/s
and stagnation enthalpy of approximately 4.5 MJ/kg. Values given in Table 1 were determined
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from full 2D axisymmetric reacting RANS CFD simulations of the nozzle, which also utilised the
commercially available code CFD++, with the Park five species (N, O, O2, N2 and NO) and five
equation reaction scheme [30]. Equivalent flight Mach number, dynamic pressure and altitude are
also shown in this table. The flight Mach number was computed based on the total enthalpy from
the nozzle exit and atmospheric temperature at the tunnel freestream static pressure, which was
found from the US Standard Atmosphere [1]. As the tunnel freestream Mach number is less than
the equivalent flight Mach number, tunnel conditions can be considered those behind a leading edge
shock from a forebody. Through iteration, a forebody with an 11◦ turning angle at a flight Mach
number of 9.67 was found to produce the tunnel freestream Mach number of 6.44. Equivalent flight
dynamic pressure and altitude could therefore be determined.
The technique used to characterise the freestream conditions involved: (1) measuring shock
speeds and stagnation pressure for a representative experiment, (2) using these, together with the
known tunnel initial conditions, to determine stagnation temperature and enthalpy using the in-
viscid equilibrium chemistry one-dimensional shock tube program ESTC [24], (3) determining the
equilibrium composition of the nozzle reservoir air (N, O, O2, N2 and NO species only) using the
CEA program developed by Gordan and McBride [13, 22], and (4) performing a full 2D axisymmet-
ric reacting Reynolds Averaged Navier-Stokes (RANS) computational fluid dynamic simulation of
the hypersonic shock tunnel nozzle. This technique, up to step (3) has previously been used to char-
acterise T4 flow conditions. Limitations of the method used to characterise the freestream include:
modelling the flow as fully turbulent and therefore not accounting for the effect of boundary layer
transition within the nozzle, and modelling flow within the nozzle to be in thermal equilibrium when
in reality this is likely to have undergone sudden freezing [15]. The effect of these are uncertain,
however the same nozzle flow conditions, with the aforementioned limitations, have been used for
both fuel injection models. Thus any effect these limitations have on the freestream is maintained
between the models.
A hybrid 2D axisymmetric mesh with 269,778 cells and a fully structured domain in the su-
personic section of the nozzle was used for the nozzle simulation. Cells were clustered towards the
nozzle walls with a cell height of 1µm in order to capture the boundary layer. The symmetrical
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Table 1 Experimental mean freestream and stagnation conditions and equivalent flight values
Property Units Value
Ps MPa 40.2
Ts K 3,378
h0 MJ/kg 4.31
P∞ kPa 8.99
T∞ K 446
ρ∞ kg/m3 0.0699
u∞ m/s 2,722
M∞ - 6.44
q kPa 259
αO2 - 0.2050
αO - 0.0004
αNO - 0.0500
αN - 0.0000
Mflight - 9.67
qflight kPa 75.6 kPa
altflight km 30
nature of the flow was again exploited such that only half the nozzle geometry was computationally
modelled. A schematic of the computational nozzle domain, together with the applied boundary
conditions is given in Figure 7. This computational mesh has previously been used to determine T4
freestream conditions for the M6 nozzle, and is similar to the mesh used to model the nominally
identical contoured nozzle on the T3 shock tunnel at The Australian National University.
The calculated flowfield, in terms of Mach number contours, within the Mach 6 nozzle is given
in Fig 8. Flow structure of the supersonic nozzle including non-uniformities originating in the nozzle
throat are clearly identifiable through Mach number variations in this figure with the Mach number
reaching an expanded value of approximately Mach 6.4 along the centre line of the nozzle exit.
Development of the nozzle wall boundary layer is also clearly identifiable and is seen to flow out of
the computational domain at the nozzle exit.
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Fig. 7 Schematic of computational domain of the T4 Mach 6 nozzle including applied boundary
conditions for all simulations
Fig. 8 Contours of Mach number in the T4 Mach 6 nozzle and Nozzle exit profiles
Pressure, temperature and Mach number profiles at the exit of the nozzle are also shown in
Figure 8. Typical nozzle exit core flow for the Mach 6 nozzle and capture area of the test engine
have been identified for reference. Flow structures present in the core flow are clearly identifiable in
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this figure and were seen to be more concentrated towards the centre of the core flow corresponding
to the volume ingested by the engine. These profiles indicate that the flow was over expanded
with a pressure drop of approximately 15% over the core flow and volume ingested by the engine.
Temperature, Mach number and axial velocity variation (not shown) were found to be small over
the intake capture. Average flow values within the intake capture area are shown in Table 1 to
indicate nominal values, however, the full nozzle exit profile was used in all numerical modelling
reported here to account for the non-uniformity and flow structures experienced in the tunnel.
Nozzle flow exit conditions, rather than uniform nozzle flow, have been simulated to replicate the
experimental environment. Thus, results presented here are also useful in interpreting and analysing
the preliminary experiments of Schoegel and Boyce, however, such work is beyond the present scope.
D. Fuel Injection and Porous Source Term
All numerical modelling was performed at an equivalence ratio, Φ, of 0.44. This fuelling condi-
tion was chosen as it was representative of that targeted in the experimental campaign from which
this study expands. Fuelling levels were maintained for both fuel injection methods, such that the
mass flow rate of fuel injected into the engine was within 1%, and Φ within 2% of each other, with
the porous fuel injection having the smaller values. Fuel inflow conditions applied to each injection
method are summarised in Table 2. Fuel flow rates represent one quarter of the total fuel injected
into the engine due to the use of symmetry.
Table 2 Fuel inflow boundary conditions and properties
Porous Injection Porthole Injection
Boundary Condition Stagnation Properties Sonic Inflow
P (kPa) 2040 522.95
T (K) 300 300
m˙H2 (g/s) 3.87 3.89
Fuel injection through the porthole injectors is characterised by sonic fuel flow [37], which was
employed as a boundary condition in the current study. Sonic pressure and temperature conditions
at the entrance to the small finite length of tube associated with the injector were calculated using
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choked flow analysis and the mass flow rate of fuel (H2) required to achieve the targeted equivalence
ratio. Values used in this study are given in Table 2.
Fluid flow through porous media is characterised by a pressure drop sustained over the thickness
of the media and is influenced by a number of parameters including, but not limited to: material,
structure morphology, number of layers and layer disposition [12]. For low velocity flow this viscous
pressure drop is characterised by Darcy’s Law which gives a linear correlation between pressure drop
and average superficial velocity. As velocities increase, however, the linear nature of Darcy’s Law
is inadequate to calculate the pressure and a second, inertia-related term is added which is often
referred to as Forchheimer flow. Complete characterisation of porous media operating within a low
and high velocity range must, therefore, incorporate both the Darcy and Forchheimer flow regimes.
Equation 1 gives the so called Darcy-Forchheimer equation in its three-dimensional form, which is
commonly used [12, 18, 26]. Hence, the resulting pressure drop over the finite injector lengths can
be calculated in each cartesian coordinate.
−∇P = µinK−1D ·V + ρinK−1F ·V|V| (1)
In Equation 1, the “in” properties refer to those located on the inflow side of the porous media,
which in this case was the fuel plenum. The terms KD and KF are the tensor form of the Darcy
and Forchheimer coefficients respectively, and are often described as the material’s permeability
coefficients. As the material is anisotropic, the full Darcy-Forchheimer tensor matrix is required to
correctly model the flow. These coefficients are material dependent values that need to be evaluated
experimentally for each batch of material.
Injectors analysed in the current study were a numerical representation of physical samples
experimentally tested in the T4 Shock Tunnel. Experimental testing on cylindrical samples with
a 30mm diameter and varying but measured length, determined the sample to have the following
permeabilities:
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KD =

1.079× 10−13 ± 0.58% 0 0
0 7.584× 10−13 ± 1.37% 0
0 0 7.584× 10−13 ± 1.37%
m
2
KF =

8.065× 10−9 ± 1.46% 0 0
0 1.229× 10−7 ± 4.65% 0
0 0 1.229× 10−7 ± 4.65%
m
As porosity (volume fraction occupied by the fluid) is not directly supplied to the CFD++
formulation and implementation of the porous source terms, the effect must be accounted for through
the provision of appropriate viscous and inertial coefficients (loss terms). To achieve this and ensure
the flow is correctly modelled, the above permeability coefficients that characterise the porosity
were added to the Navier-Stokes momentum equations, via the porous source, S˙, as shown in
Equations 2-5. In so doing, the porous region can be modelled as a discrete fluid block with no
discontinuities associated with voids present in the real material. This implementation also means
that bulk fluid velocity, and not superficial velocity is modelled and solved numerically, and is thus
more representative of the real fluid mechanics. In Equation 5 the matrix coefficients D and C are
respectively the user defined viscous and inertia terms which were used to characterise the porous
structure. They are the reciprocals of Darcy and Forchheimer tensor coefficients of the examined
porous sample and defined by D = 1KD and C =
2
KF
, respectively.
∂Q
∂t
+
∂
∂x
(F1 +G1) +
∂
∂y
(F2 +G2) +
∂
∂z
(F3 +G3) = S˙ (2)
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Q =

ρu
ρv
ρw
 , F1 =

ρu2 + P
ρuv
ρuw
 , F2 =

ρvu
ρv2 + P
ρvw
 , F3 =

ρwu
ρwv
ρw2 + P
 (3)
G1 =

−τxx
−τxy
−τxz
 , G2 =

−τyx
−τyy
−τyz
 , G3 =

−τzx
−τzy
−τzz
 (4)
S˙ = µin

Dxx 0 0
0 Dyy 0
0 0 Dzz
 ·

u
v
w
+
1
2
ρin

Cxx 0 0
0 Cyy 0
0 0 Czz

·

u
v
w
 ·
√
u2 + v2 + w2 = µinD ·V + 1
2
ρinC ·V|V|
(5)
The numerical model included the plenum chamber, allowing for the fuel flow to establish before
entering the porous block. This replicated the actual test model and allowed for directly measured
fuel plenum pressures to be used as inflow conditions, negating the need for detailed knowledge of
fuel velocity, both actual and superficial. It also ensured that the development of boundary layers
was accounted for prior to the fuel entering the porous injector. The porous injection simulation
utilised a stagnation pressure and temperature boundary condition as the inflow into the plenum
chamber, with values given in Table 2.
As validation that CFD++ was correctly modelling the flow through the porous injector local
pressure, temperature and velocity were compared with 1D analytical predictions. Results are shown
in Figure 9. Methodology used to generate the 1D results was described in Section IIA. Profiles of
each of these properties match well between the models, with the analytical solutions terminating
0.06mm early as discussed previously. As well as correctly capturing the flow profiles, exit pressure,
temperature and velocity from both the numerical and analytical solutions are seen to agree well.
For the numerical simulation flow exit properties are 0.145MPa, 163K and 20m/s while for the
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1D analysis the are 0.141MPa, 139K and 26m/s. Given that the numerical solution accounts for
the anisoptroic nature of the material and the influence of the back flow conditions this level of
agreement is considered excellent, demonstrating the flow and porosity has been correctly modeled
in CFD++.
Fig. 9 Modelled (solid lines) and 1D analytical (broken lines) flow properties through porous
injector.
III. Results
A. Injection Characteristics
Numerical schlieren of the intake and combustion chamber entry for both fuel injection methods
is shown in Figure 10(a). To highlight the different flow structures associated with each injection
method, planes through the centreline of each injector are shown. For the porous injection case, this
corresponds to the side symmetry plane. Several changes in key flow features are observed between
the two fuel injection methods including: (1) injection shock, (2) fuel injection characteristics, (3)
shock reflection characteristics and (4) hot pocket generation. Each of these are discussed below.
Results from the numerical modelling of the porous injector confirms the presence of an attached
oblique shock at the point of fuel injection, as was seen experimentally in the engine with the original
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(a)
(b) (c)
Fig. 10 (a) Numerical schlieren for porous (symmetry plane) and porthole (injection plane)
injection. Note: injection planes shown to highlight differences and (b) pressure and (c)
temperature contours. All results from chemically frozen simulation.
injection location. Under the flow and injection conditions of this study, the fuel injection shock
from the porous injection is 16.1◦ with respect to the intake surface, which is 40% larger than the
Mach angle (11.5◦) for the local conditions. Further, no evidence of flow separation at the point of
injection is observed for the porous fuel injection case. Separated flow, along with the characteristic
detached bow shock, inherent to porthole injection [37, 43, 45] can be easily identified through
recirculation regions and negative axial shear stress, which were found not to be present in the flow
solution for the porthole injection case at the point of injection. Separated regions do, however, still
exist within the engine for porous fuel injection, which appear to have a significant performance
impact on the engine, and are discussed in Section III C.
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The more two-dimensional and planar nature of the oblique shock significantly alters the pres-
sure and temperature fields downstream of injection. This is clearly identifiable in Figures 10(b)
and (c) which highlights the injection shock turning and weakening, and subsequent pressure and
temperature relieving, experienced by flow processed by the detached bow shock compared with
the planar flowfield associated with the oblique shock. The overall impact the planar oblique shock
has on total pressure within the engine due to the larger flow area processed by a stronger shock,
however, is considered minimal as shown in Figure 11(a). For porous fuel injection, normalised
total pressure for chemically frozen cases was found to be 12% lower at the start of the combustion
chamber compared with porthole, reducing to 1.1% at the end of the combustion chamber. Total
temperature within the engine for frozen flow, shown in Figure 11(b), decreases in both injection
case due to heat loss to the wall, which is at a constant 300K. From these results, engine efficiency
for both injection systems are considered comparable. Although a three-dimensional flowfield was
analysed, one-dimensional values along the engine are shown in Figure 11 to provide insight into
overall engine performance. These 1D values have been computed by extracting a series of 2D slices
along the engine from the start of the combustion chamber, from which the flux-averaging of Baurle
and Gaffney [2] for one-dimensionalising the flow has been employed.
Fuel distribution is significantly altered with porous fuel injection. For this method of fuel
injection, the fuel plume is flatter and spreads more evenly across the engine as seen by the contours
of Φ shown in Figure 13. This change in fuel distribution is mostly due to the geometrical differences
of each injection method, where the porous injectors have an effective surface area two orders of
magnitude larger than the porthole injectors, along with the injection angle and injection shock
differences.
This thinner layer of fuel, coupled with the altered, and uniformly stronger injection shock
structure associated with porous injection, acts to alter both the shock reflection and hot pocket
generation within the engine. Firstly, the leading edge and injection shocks do not merge prior
to reflection/interaction, as is observed for the porthole case. This creates a more complex shock-
reflection pattern within the engine intake resulting in stronger, in terms of pressure and tempera-
ture, centreline hot pockets. A stronger corner expansion-shock system, due to the combined effect
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(a) (b)
Fig. 11 Normalised total (a) pressure, and (b) temperature, through the engine from the
start of the combustion chamber. One dimensional properties found by flux-average a series
of spanwise 2D slices extracted from the 3D flowfield simulation.
of the more rapid thinning of the injected fuel plume and stronger reflected leading edge and in-
jection shock, is formed for the porous injection method. The effect of this is the propagation of a
stronger shock-expansion system through the engine, changing the characteristics of the hot pockets
and ultimately, ignition and combustion performance of the engine. This is highlighted in Figure
12 which shows (a) wall pressure (b) and temperature 3mm above the wall along the centreline for
each fuel injection method. Hot pockets 1-5 are identified in these figures with peak values given
in Table 3. Results shown are for suppressed combustion where the chemical reactions have been
switched off numerically. This allows for a detailed analysis of the flowfield that has not been altered
due to the heat releasing reactions. Location of the hot pockets are clearly identifiable by the series
of pressure and temperature peaks formed within the combustion chamber.
Table 3 Peak pressure and temperature in hot pockets for each injection method
Injector
HP1 HP2 HP3 HP4 HP5
P (kPa) T (K) P (kPa) T (K) P (kPa) T (K) P (kPa) T (K) P (kPa) T (K)
Porous 160 991 170 1013 157 1015 161 1044 156 1056
Porthole 176 1114 133 949 144 886 146 896 139 926
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Fig. 12 Centreline (a) pressure (wall) and (b) temperature (3mm above wall) for porous and
porthole fuel injection (chemically frozen)
Aside from the first hot pocket located at the combustion chamber entrance, porous fuel in-
jection results in higher hot pocket peak pressures ranging from 9% (HP3) to over 25% (HP2 and
HP6) compared with the porthole injection case. Observed higher temperature at the start of the
combustion chamber for porthole fuel injection is a direct result of the injection method and asso-
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ciated fuel/air mixing characteristics. The discrete nature of porthole injection results in tubes of
cold fuel propagating into the combustion chamber. These fuel streams take a finite length to mix
with the air and spread to the point where the majority of the engine is covered with a fuel/air
mixture. As such, early in the combustion chamber (prior to the second hot pocket) fuel from the
porthole injection case has yet to reach the centreline. Local fluid temperature shown in Figure
12(b), taken 3mm above the engine wall, has therefore not been cooled through the fuel/air mixing
process as is the case with porous injection. When significant levels of fuel (αH2 ≥ 0.05) does reach
the centreline, at an axial distance of ≈ 100mm, the local fuel/air temperature is cooled to below
that observed for porous fuel injection, where it remains on the order of 100K lower than the porous
fuel injection case. Both the pressure and temperature characteristics within the hot pockets have
significant influence in the ignition delay and reaction times required to ignite and burn fuel, and
will be discussed in Section III C.
B. Mixing Characteristics
Mixing characteristics, expressed in terms of local equivalence ratio, Φ, of the two fuel injection
systems from a point immediately aft of the injectors to the end of the combustion chamber are
shown in Figure 13. Results for Φ, which shows local equivalence ratio within the combustible range
of 0.2 < Φ < 2.2 [33], are for suppressed combustion, or “frozen” flow, and thus show flowfield and
mixing characteristics of each injection method without the influence of combustion and heat release.
The no-fuel boundary layer edge, defined by Liechty et al [19] as h = 0.995h0, is also shown in this
figure (solid lines). Entrance to the combustion chamber starts at an axial distance of x=0mm.
Fuel injection performance, and consequently fuel-air mixing, in scramjets is often described in
terms of jet penetration [14, 37, 45]. This criteria has been developed exclusively for fuel injection
through a discrete orifice and thus, may not be an appropriate metric for porous injection. To
illustrate, porous fuel injection is found to result in negligible fuel penetration when the commonly
employed criteria of fuel molar concentration of 99% [39], is considered, increasing to only 1mm
when the criteria is relaxed to a mole fraction of 96%. In comparison, porthole injection gives a jet
penetration distance of 3.06mm based on a hydrogen mole fraction of 96% and thus appears to be
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Fig. 13 Local Φ contours for chemically frozen flow for porous and porthole injection through
engine (combustion chamber starts at x=0m). Stoichiometric ratio of fuel-oxygen shown with
solid line. Boundary layer edge defined as 0.995h0 shown with dashed line.
the preferred fuel injection choice based on jet penetration alone. However, as will be shown below,
for the engine studied in this work, porous fuel injection gives a higher mixing and combustion
efficiency compared with porthole injection.
As it is a necessity that fuel and air must be adequately mixed before ignition and combustion
can occur, the level of fuel-air mixing is considered to be a better metric for comparing performance
of porous and porthole fuel injection. Local Φ, therefore, has been used over the more common jet
penetration criteria to analyse the fuel injection mixing performance. Based on a criteria of local
Φ, it is immediately apparent from Figure 13 that porous fuel injection offers enhanced fuel-air
mixing over porthole fuel injection for an equivalent engine geometry and fuel level. Three features
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in particular support this observation.
Firstly, both fuel injection methods result in significant fuel rich zones immediately after the
point of injection, with a thin layer of combustible mixture at the fuel/air interface or mixing layer.
However, due to the increased surface area associated with the porous injector, this mixing layer is
immediately increased for porous fuel injection, and thus a larger surface area of fuel is available to
mix with air upon injection. This larger mixing layer subsequently aids in the observed enhanced
mixing associated with porous fuel injection.
Secondly, again relating to the injector geometry, a more uniform distribution of fuel in the
spanwise, transverse and axial directions along the engine wall from point of injection is observed
with porous injection. This is highlighted in Figure 13 and Figure 14(a), which shows surface
streamtraces coloured by H2 mass fraction overlayed on contours of negative axial shear stress. It
is also evident from these figures that fuel issued from the porous injectors extends further, and in
greater concentrations, towards the side wall at the entrance of the combustion chamber compared
with porthole fuel injection. As this region is beyond the bounds of the injector, the presence of
fuel indicates the spanwise transportation of mass. This effect is also evident in Figure 13 in the
increase in Φ levels in the corner regions just inside the combustion chamber associated with porous
injection.
The mechanism for this mass transfer is the formation of a separated and recirculating flow
region caused by the reflected shock interacting with the cool, thick, fuel jet just before the entrance
of the combustion chamber. This is evident through the regions of negative axial shear stress present
in both injection cases as shown in Figure 14(a), although the area of separation is more pronounced
in both the axial and spanwise directions for porous injection. A spanwise vortex is created within
this separated region, which draws in fuel from the centre region and ejects it towards each side
wall. Evolution of the separated region from the plane of symmetry to just prior to the side wall for
porous and porthole injection is shown in Figure 14(b) and (c) respectively. Regions of separated
flow are clearly larger for the porous injection case, extending further across the engine. The larger
surface area of the porous injectors further acts to increase the amount of fuel entrained within this
vortex, compared with portholes, thus increasing the level of fuel deposited towards the side walls.
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(a)
(b) (c)
Fig. 14 (a)Surface streamtraces (shear stress), coloured by H2 mass fraction for each injection
method. Results from chemically non-reactive cases shown, evolution of separation regions in
spanwise direction for (b) porous and (c) porthole injection
Furthermore, the fuel/air within this region is better mixed with a greater volume of mixture in the
combustible range. This mechanism is key to the ignition and ultimate combustion of fuel within
the examined engine as discussed below. A similar feature is observed for the porthole injection
case, however, the mass of entrained fuel within the separated region is less due to the discrete
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nature of the fuel injection, and associated reduced engine coverage.
Lastly, as a result of the two previous fuel injection/mixing characteristics, porous fuel injection
results in a faster increase in the size of the combustible region, as evidenced by the reduction
in the fuel rich region and growth of the near stoichiometric region in both the spanwise and
transverse directions. This overall enhanced mixing associated with porous fuel injection is further
demonstrated in Figure 15 which plots the one-dimensionalised mixing efficiency, ηm for the three-
dimensional porous and porthole numerical simulations from the start of the combustion chamber
(x=0mm). Mixing efficiency is computed using Mao et al’s [21] method, shown in Equations 6 and
7 where for H2 fuel, αstoic is 0.0285, and is calculated for the chemically frozen solutions.
Fig. 15 Mixing efficiency
αreac =
{
α for α ≤ αstoic
α (1− α) / (1− αstoic) for α > αstoic
(6)
ηm ≡ m˙fuel,mixed
m˙fuel,total
=
∫
αreacρudA∫
αρudA
(7)
For the engine configuration and fuelling level examined, porous fuel injection results in a mixing
efficiency of 25% at the start of the combustion chamber. This represents an increase of 30% over
the mixing efficiency at the same location associated with porthole injection, which has a mixing
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efficiency of 19%. This is attributed to the increased surface area associated with porous injection
and the mechanisms through which fuel is transported in the spanwise direction, resulting in a better
fuel-air mixture entering the combustor, despite the significantly reduced fuel penetration. Further,
in the 380mm length combustion chamber, porous fuel injection results in a mixing efficiency, ηm,
of 97% compared to 89% for porthole injection, and thus, in terms of a fuel-air mixing comparison,
performs better than the porthole case.
C. Ignition and Combustion
For the enhanced mixing associated with porous injection to be effectively utilised, local flow
properties within the combustion chamber hot pockets and mixing zone must firstly, be at temper-
atures adequate for radical production and chain branching reactions and secondly, be at pressure
levels adequate to ensure sustained combustion. Figure 16 summarises these local flow properties at
the same axial locations as those shown in Figure 13. Results shown in this figure are for chemically
frozen simulations and hence do not include any combustion effects. Contours bounding the fuel-air
combustibility region (0.2 < Φ < 2.2) are shown in the figure to highlight local ignition and heat
release flow conditions with respect to the ignitable/combustible condition of the fuel-air mixture.
Several important features pertinent to the ignitability and combustibility of the mixing are clearly
identifiable.
Fuel plume temperature and distribution is seen to be strongly influenced by the fuel injection
method and subsequent intake-injection and shock-shock reflection interactions. Porthole injection
results in the generation of thick, discrete fuel plumes that remain discrete and cold (<400K) well
into the combustion chamber. In contrast, the fuel temperature from porous injection equalises
and reaches temperatures approaching 700K just inside the combustion chamber, thus reaching
conditions more conducive to autoignition of H2-Air systems more rapidly [42]. The influence of
fuel temperature on local temperature is further demonstrated in Figure 12(b). It can be seen from
this figure that when the fuel reaches the centreline in porthole injection, at an axial distance of ≈
160mm the local temperature is significantly reduced from around 1200K to 800-850K. Conversely,
porous injection, which has fuel distributed over the majority of the engine, including the centreline,
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Fig. 16 Frozen temperature and pressure contours at axial positions along the flow path for
each injection method. Limits of fuel-air mixture to within combustible limits (0.2 < Φ < 2.2)
shown with dashed contour lines and line of stoichiometric mixing shown by solid line.
at the combustion chamber entrance, has local flow temperatures above the autoignition point, and
continues to increase as the fuel-air is further mixed.
Consistently higher pressure and temperature within the core flow that extends further towards
the side wall is associated with porous injection due to the oblique shock and overall more uniform
fuel distribution when compared with the flow structures associated with porthole injection. Exam-
ination of the results indicates that, as well as being more uniform, the temperature and pressure of
the combustible fuel-air mixture is more consistent within the ranges required for autoignition (750K
34
< T< 850K) and sustained combustion (30 kPa < p < 120 kPa) compared to porthole injection. It
follows, therefore, that all else held constant, porous fuel injection should result in reduced ignition
and reaction lengths, a higher combustion efficiency, and higher overall pressure rise compared with
the porthole case.
Utilising Pergament’s correlations [31] for ignition and reaction delay, given respectively in
Equations 8 and 9, it can be shown that porous fuel injection, for the case examined in this study,
does significantly reduce these values compared with porthole fuel injection. Ignition and reaction
typically occurs within the first three HP’s in a radical farming scramjet [23]. Thus, it is appropriate
when determining τID and τR in radical farming scramjets that flow conditions within these regions
are used. In doing so, porthole fuel injection is found to take on the order of 450-560µs, or 1.0m to
ignite and a further 64 -56mm to react. These values place the point of ignition and reaction outside
the engine, which although is not observed numerically due to three-dimensional effects discussed
below, highlights the theoretical times and lengths required to ignite and combust the fuel at the
centreline conditions. Porous injection, in contrast, is found to reduce the ignition delay by an order
of magnitude with ignition theoretically occurring within 93-96 µs, or 230mm, from HP2 and HP3.
Reaction delay is likewise found to be reduced by as much as 43%, reacting in 15-17µs, or 37-42mm.
τID =
8× 10−3
P [atm]
exp
9600
T
T (K) ≤ 1, 000
0.4 < Φ < 2.0
(8)
τR =
105
p1.7[atm]
exp
−1.12T
1000
1, 000 ≤ T (K) ≤ 2, 000
0.8 ≤ Φ ≤ 1.2
0.2 ≤ P (atm) ≤ 5
(9)
Centreline pressure and temperature show that ignition and reaction should (confirmed here
numerically) occur within the combustion chamber of the engine for porous fuel injection. However,
this is not the primary point of fuel ignition, which is found to occur further upstream in the near
wall corner just inside the combustion chamber. This primary ignition point is due to the significant
levels of fuel being transported into the region due to the formation of the separation region. Local
flow conditions at this location are also highly conducive to ignition and reaction due to the viscous
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effects associated with the two walls. It is from this primary ignition point that the combustion flame
spreads towards the centre, following the region of good fuel-air mixing, as seen in Figure 17 which
shows water mass fraction. Indicated through contours of water mass fraction, it is evident that, as a
result of the fuel plume characteristics and local favourable flow conditions, porous injection results
in a flatter, thicker and more uniform combustion flame that spreads further in the spanwise and
axial directions for a given location within the combustion chamber. Porthole injection produces a
series of discrete and streaked combustion flames, initiating within the shear layer between the fuel
jets and at the side wall that then spread inwards towards the fuel rich zone of the fuel jets. For
this injection method, ignition is also observed to occur at a near wall location, as seen in Figure
17, however, this is not the primary location for sustained ignition due to the fuel-air mixture being
too fuel lean to sustain combustion.
Fig. 17 H2O mass fraction contours for chemically reacting flow for porous and porthole
injection through engine (combustion chamber starts at x=0m). Boundary layer edge defined
as 0.995h0 shown with dashed line.
The effect of the changes in flame formation and propagation between the two injection methods
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is a reduction in the length required to produce uniform H2O production and, therefore, combustion
and heat release for porous injection. For this injection method, uniform αH2O along the combustion
chamber wall is found to occur at approximately 100mm into the combustion chamber which is at
least 250mm earlier than that observed for porthole fuel injection.
Enhanced local flow temperatures, fuel-air mixing, and water production all indicate enhanced
combustion is achieved with porous fuel injection. This is confirmed in Figure 18 which shows
the one-dimensional combustion efficiency calculated using Ratner et al’s [36] definition, given in
Equation 10, for each injection method.
Fig. 18 Combustion efficiency.
ηcomb = 1− αH2,unburned
αH2,initial
(10)
A rapid increase in combustion efficiency between 6mm and 100mm associated with porous
fuel injection is clearly visible in this plot. This is directly associated with the inward movement of
the flame front from the point of ignition towards the engine centreline. Once the whole fuel plume
has ignited, which occurs at an axial distance of ≈ 100mm the combustion efficiency continues to
increase at a rate comparable to porthole injection but resulting in a higher overall combustion
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efficiency of 90% at the combustion chamber exit, due to the early rapid fuel burning and enhanced
mixing. Porthole injection also reaches a high combustion efficiency of 85%, as to be expected
with such low Φ levels, at the end of the combustion chamber, but lags the porous injection case,
particularly in the first half of the combustor except in the first 6mm. Prior to this point, more
water is produced with porthole injection as a result of the fuel-air mixture between the fuel plumes
igniting, including limited chemical activity on the intake, however, the enhanced mixing associated
with porous injection means that as soon as the fuel plume is ignited, a greater amount of combustion
occurs.
Significant pressure and temperature rise associated with combustion heat release is found for
both fuel injection methods, however, overall, greater increases are associated with porous fuel
injection. This is shown in the one-dimensionalised pressure and temperature traces given in Figure
19. Also shown in this figure are the values associated with the chemically frozen simulations.
(a) (b)
Fig. 19 One-dimensionalised (a) pressure and (b) temperature along combustion chamber for
porthole and porous fuel injection.
From the point where the fuel plume fully ignites, porous fuel injection has pressure levels 15%
to 3% greater than porthole injection (combustion chamber start to end). Similar increases in the
overall temperature rise associated with combustion is also observed. These results, which are the
primary indication of sustained combustion within the engine, and the overall combustion efficiency
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of 90% indicate that, for the given fuelling and flow conditions, intake porous fuel injection out per-
forms intake porthole fuel injection. Importantly, the highest levels of combustion induced pressure
and temperature rise associated with porous injection occurs within the first half of the combus-
tion chamber where combustion efficiency is 64% at x = 200mm compared with 47% for porthole
injection. A potentially smaller combustion chamber may therefore be possible with porous fuel
injection, while maintaining a high overall combustion efficiency compared with porthole injection.
For example, for the engine presented in this study, with porous fuel injection, combustor length
could be reduced to 75% of that required for porthole injection, with the same level of performance.
IV. Conclusion
Porous fuel injection in a radical farming scramjet has been shown through numerical investiga-
tion to enhance overall engine performance compared to the more common porthole fuel injection.
With the same nominally two-dimensional engine operating with a fuelling level of Φ=0.4, porous
fuel injection results in increased mixing and combustion efficiency while maintaining the overall to-
tal pressure and temperature losses within the engine. The previous experimental observation of an
attached oblique shock at the point of fuel injection with porous injection was confirmed numerically.
Further, it was shown that no regions of flow separation at the point of fuel injection were present.
This is in direct contrast to the fundamental flow features associated with transverse porthole fuel
injection. Formation of the oblique shock was shown to alter the intake/injection shock structure
resulting in a stronger and more spanwise and transversely uniform shock-expansion pattern being
ingested by the engine, resulting in hotter and higher pressure hot pockets within the engine, both
along the walls and the centreline.
Mixing efficiency at the start of the combustion chamber was found to be 25% for porous fuel
injection, increasing to 97% at the end of the combustion chamber. In contrast, porthole fuel
injection resulted in a mixing efficiency of 19% at the start of the combustion chamber that rose to
89% over the combustion chamber length. Key mechanisms contributing to the enhanced mixing
observed with porous fuel injection were found to be: (1) the larger surface area over which fuel was
injected which directly increased the surface area of fuel available to mix with air upon injection,
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(2) the intake and injection shock interactions and reflections that further acted to spread the fuel
within the spanwise and transverse directions and, (3) the increased growth rate of the combustible
fuel-air mixing layer.
Enhanced fuel-air mixing associated with porous fuel injection directly resulted in increased
overall combustion efficiency. This was shown to be particularly evident within the first half of
the engine where porous injection had ηcomb=64% compared to 47% for porthole injection. Key to
achieving this was the significant improvement with respect to achieving flow conditions conducive
to auto-ignition and combustion earlier and more uniformly within the engine. Although an under-
expanded cool fuel jet was associated with each injection method, fuel injected through porous
injectors equalised with the main flow temperature much faster. Coupled with the more uniform,
and higher pressure and temperature within the hot pockets, and the larger region of mixed fuel-air
within the combustible limit, this resulted in an overall improvement in the combustion efficiency
which, at the end of the 380mm combustion chamber was found to be 90% compared to 85% for
porthole injection. A reduction in ignition length and generation of a more uniform flame front that
resulted in overall (spanwsie) engine ignition within the first 100mm of the combustion chamber
compared with 350mm for porthole injection, were also key to the overall increase in combustion
efficiency observed with porous fuel injection.
Importantly for flight applications, the demonstrated enhanced mixing and combustion efficiency
associated with porous injection has the potential to allow for shorter combustion chambers, and thus
more efficient and propulsion-integrated flight vehicles. For the two injection methods examined,
porous fuel injection was shown to reach the same combustion efficiency level as that associated
with porthole injection in 75% of the length.
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